PANI-Ag-Cu nanocomposite thin films were prepared by sol-gel method and deposited on the glass substrate using spin coating technique. Polyaniline was synthesized by chemical oxidative polymerization of aniline monomer in the presence of nitric acid. The films were characterized using XRD, FTIR, and UV-Visible spectroscopy. The performance of the sensor was conducted using electrochemical impedance spectroscopy to obtain the change in impedance of the sensor film before and after incubation with E. coli bacteria in water. The peaks in XRD pattern confirm the presence of Ag and Cu nanoparticles in face-centered cubic structure. FTIR analysis shows the stretching of N-H in the polyaniline structure. The absorption band from UV-Visible spectroscopy shows high peaks between 400 nm and 500 nm which indicate the presence of Ag and Cu nanoparticles, respectively. Impedance analysis indicates that the change in impedance of the films decreases with the presence of E. coli. The sensitivity on E. coli increases for the sample with high concentration of Cu.
Introduction
Conducting polymers are the new material and they are rapidly emerging by making the scientific and technological interest increasingly growing. This kind of polymers has already been found for extensive application in electrochemical sensors, due to their electroactivity, compatibility with biological molecules, environmental stability, and ease of synthesis from inexpensive monomers. Among the available intrinsically conducting polymers, polyaniline (PANI) is found to be the most promising because of its easy synthesis, low cost monomer, tunable properties, high conductivity, and better stability compared to others. Microbial detectors which are made from such organic polymer can help in identification of the microbes quickly and easily. For current technology, polymeric sensors are the suitable ones for fabrication of microorganisms monitors.
The conductivity of this conducting polymer can be controlled by the process of doping which may be carried out through a chemical, electrochemical, or photochemical route [1] . The conductivity is characterized by charge transfer from dopant to polymer or from polymer to dopant [2] . The interaction between polyaniline and noble metals has attracted a great deal of interest in a wide variety of applications. The composite of polyaniline with metals has been widely used in many applications such as gas sensor [3] [4] [5] , biosensor [6, 7] , fuel cell catalyst [8, 9] , electrochemical sensor [10] , electrocatalyst [11] , and supercapacitor [12, 13] . When metal ions are added into the synthesized system of polyaniline, the metal ions can interact with the nitrogen atoms in the polyaniline chains [14] . Silver and copper have been proposed as alternate conductive filler in electrically conductive polymer composites for sensor applications, due 2 Journal of Nanomaterials to its high electrical conductivity, low electrical migration, and high compatibility.
Electrochemical impedance spectroscopy and the method of impedance are widely used for corrosion, batteries, bioelectrochemistry, and electrochemistry. EIS provide electrochemical examination of electrical properties of electrode surface; on the other hand, it can be called electrochemical surface characterization. Therefore it is possible to realize the differentiation of electrode surface alterations easily. In biosensor technology, it is used for monitoring biosensor modifications, layer formation on electrode surface, and binding kinetics between molecules such as DNAs [15] , antibodies [16] , proteins [17, 18] , carbohydrate [19] , glucose [20] , and virus [21] . In microbial sensor technology, there are some previous studies that conducted the EIS for E. coli bacteria detection [22] [23] [24] .
In this paper, we reported the synthesis of Ag-Cu doped polyaniline nanocomposite thin films to be applied as a biosensor to detect the presence of E. coli bacteria in water. Impedance analysis was used in conducting the sensing performance by observing the change in impedance after incubating the sensor electrode into E. coli.
Experimental Methods
Silver nitrate (AgNO 3 , 99.99% purity), copper acetate (Cu(CH 3 COO) 2 , 97%), aniline monomer (C 6 H 5 NH 2 ), and polyvinyl alcohol (PVA, 99% hydrolysis and molar weight 85,000-124,000 g/mol) were purchased from Sigma-Aldrich Chemicals. In this study, the nanocomposite of polyaniline (PANI) and metals was prepared by the oxidative polymerization of aniline and the reduction process of metal compound with the presence of nitric acid and PVA. 2.5 g of PVA was completely dissolved in 40 mL deionized water and stirred on the hot plate at 80 ∘ C-90 ∘ C. 0.5 g of silver nitrate and copper acetate was dissolved in deionized water and was added drop by drop into PVA solution by using pipette. Magnetic stirring continued until the solution become a brownish yellow viscous liquid. 1.25 mL of aniline was added to the solution followed by 1.0 M nitric acid (HNO 3 ). The mixture was stirred until the solution changed to a greenish dark brown liquid, indicating that the solution became PANIAg-Cu nanocomposite. The nanocomposite solution was spin-coated on glass substrate using Laurell Technologies Corporation photoresist spinner, with the speed of 3000 rpm for 30 s. A comb structure of silver electrode was sputtered on the nanocomposite thin film for 1000Å thickness. Copper wires were soldered to the silver electrodes as the connection between thin film and the measuring device. X-ray diffraction (XRD) analysis was conducted on Bruker model D8 advanced X-ray diffractometer using CuK radiation ( = 1.5406Å) and the measurement was performed in 2 range from 20
∘ to 60 ∘ . The optical characterization of PANI-AgCu nanocomposite thin films was carried out using Perkin Elmer UV-Visible spectroscopy. Fourier transform infrared (FTIR) spectroscopy was used to determine the vibrational stretch frequency of polymer-metals bonds. Electrochemical impedance analysis of the thin films was conducted using GAMRY-Physical Electrochemistry to test the sensitivity of PANI-Ag-Cu thin films towards E. coli bacteria.
Results and Discussions

X-Ray Diffraction (XRD)
Analysis. The X-ray diffraction patterns of PANI-Ag-Cu nanocomposite thin films were shown in Figure 1 . The narrow peaks indicate the high degree of crystallinity of Ag and Cu in face-centered cubic (FCC) structure. The prominent peaks at 38.1 ∘ and 44.3 ∘ of Bragg's reflections represent the (111) and (200) lattice plane of FCC structure of silver, while the FCC structure of copper shares the same lattice plane at (111). The increase in Ag concentration also increases the degree of crystallinity. The average crystallite sizes were calculated using Scherrer's equation [25] :
where = 0.154 nm is the wavelength of X-ray for CuK , is FWHM (full width at half maximum intensity of the peak), is the diffraction angle, and is the crystallite size. The values of the calculated crystallite size have been summarized in Table 1 . The size of crystallite is directly proportional to the concentration of Ag but inversely proportional to the concentration of Cu. The concentration of Ag influenced the size of crystallite in the nanocomposite thin film due to the atomic radius of Ag which is larger than Cu. Figure 2 shows the FTIR spectra of PANI-Ag-Cu nanocomposite thin films. The bands in the region 3400-3600 cm −1 normally attributed to the protonation of amines functional group at polyaniline backbone (N-H stretching) [26] . The bands corresponding to quinonoid (N=Q=N) and benzenoid (N-B-N) ring stretching modes of PANI were observed at 1508 and 1590 cm −1 , respectively. The evidence of formation of polyaniline with 1,4-subtituted phenyl rings occurred at around 880 cm −1 [27] . This product is composed of nonconducting aniline oligomers containing phenazine-like units and conducting PANI.
Fourier Transform Infrared (FTIR).
UV-Visible
Spectroscopy. UV-Vis absorption is performed to verify the presence of silver and copper nanoparticles in the prepared samples of PANI-Ag-Cu nanocomposite thin films as shown in Figure 3 . Those spectra contain maximum absorption band at 475 nm, 475 nm, 474 nm, and 473 nm in Figures 3(a), 3(b), 3(c), and 3(d) , respectively, which confirmed the presence of silver and copper nanoparticles [28] . In Figure 3(d) , the peak for sample PANI-Ag 0.25 -Cu 0.75 is not seen in the spectrum because the maximum absorption intensity for this sample is too small. In Figure 3(a) , sample PANI-Ag 0.85 -Cu 0.15 has the highest absorption intensity. It was found that the higher absorption intensity reflects the formation of more nanoparticles. The absorption peaks shift to the longer wavelength which indicates that the size of particle becomes larger. This is because the larger particles require lesser energy and, hence, longer wavelength [29] . So, sample PANI-Ag 0.85 -Cu 0.15 in Figure 3 (a) has larger particle size compared to the others. Figure 4 show the morphology of PANI-Ag-Cu nanocomposite thin films surface with different concentrations of Ag-Cu. The average surface roughness and grain size were being listed in Table 2 . As the Ag concentration decreased and Cu concentration increased, both surface roughness and grain sizes are found to be decreased. The surface roughness and grain size are proportional to the concentration of Ag because the thin film surface becomes smooth when the majority of the atoms are having small atomic radius [30] . The atomic radius of Ag is larger than Cu.
Atomic Force Microscopy (AFM). AFM images in
Field Emission Scanning Electron Microscopy (FESEM).
The morphology of prepared PANI-Ag-Cu nanocomposites was determined by FESEM image with low and high magnification as shown in Figure 5 . The image shows the silver and copper particles synthesized by reduction of silver ions using nitric acid resembling nanospherical with average diameter of about ∼5-20 nm. At the magnification of 20000x and 30000x in Figures 5(a) and 5(b), the images clearly show nonagglomerated uniformly distributed silver and copper nanoparticles as reported by Khanna et al. [31, 32] . Figure 5(c) shows the image at magnification of 50000x, silver and copper nanoparticles agglomerated in PANI matrix. The thickness of PANI-Ag-Cu thin film cross sectional is determined about 250 nm as shown in Figure 5 (d). Journal of Nanomaterials Figure 6 shows the particle morphologies of PANI-Ag-Cu nanocomposite. The nanoparticles of silver and copper are mostly spherical in shape with the particle diameter size in the range from ∼6 nm to ∼14 nm. Some particles are agglomerated and encapsulated in the polymer matrix. As reported by Singh et al., the morphology of AgCu nanoparticles encapsulated by starch polymer is mostly spherical and faceted features appear for aggregates only [33] .
Transmittance Electron Microscopy (TEM). TEM microphotograph in
3.7. Sensor Performance. The sensing study was done with different conditions of sensor thin films as shown in Figure 7 which were exposed only to air, immersed in deionized water, and incubated in E. coli solution. The concentrations of E. coli in the solution were fixed to 10 8 CFU/mL for each testing. We used the higher concentration of E. coli compared to the previous study done by another researcher [23, 24] to obtain the optimum performance on sensitivity. We investigated the effect of different concentrations of Ag and Cu on impedance signal. It was found that the impedance value became lower when the sensor films were immersed in water after being exposed to air. It indicates that the current flow on the sensor films surface is more conductive in deionized water. When the sensor films incubated in E. coli solution, the impedance decreases to lower value. The decreasing in impedance represents the increasing in current flow on the sensor films. The current flow is higher in the E. coli solution and this proves the existence of reactions between metal and microbe. When the sensor films are immersed into water with E. coli, the silver ions and copper ions on the PANI-AgCu thin film surface interact with the microbe. The positive charge of Ag + and Cu 2+ could be attached to the negatively charged E. coli [34] . The metabolism of the microbe creates an acid environment for the release of metal ions and it is believed that the silver and copper ions interact with bacterial cell walls, plasma membranes, bacterial DNA, and proteins, as well as ribosomes, resulting in bactericidal effects [35] . The metal and microbe interactions are mainly related to the cell wall and outer membrane arrangement. This is due to the significant differences in the outer layers of Gram-negative and Gram-positive bacteria. The cell wall of Gram-negative bacteria consists of lipids, protein, and lipopolysaccharides (LPS) that ensure more effective defense against biocides in comparison to Gram-positive bacteria where the cell wall does not contain outer membrane of LPS [36] . Since E. coli are Gram-negative bacteria, they possess an outer membrane and a unique periplamic space [37] , thus E. coli are more susceptible to metal nanoparticles.
The sensitivity of the sensor is described as the ratio of the magnitude of response upon exposure to the microbe ( ) to that of without exposure to the microbe ( ). Figure 8 shows the graph of sensitivity ( ) on E. coli against the concentration ratios of Cu which is calculated using the formula [24] :
where is the impedance of sensor in water and is the impedance after introducing E. coli in water. Regarding dissolve in water, they are oxidized immediately to form Cu 2+ ions. Electrically charged Cu 2+ in the water search for particles of opposite polarity which are E. coli bacteria. Positive charge of copper ions forms electrostatic compound with negatively charged cell walls of microorganisms. This enhances the current flow on the sensor films thus decreasing the impedance.
Conclusion
In conclusion, PANI-Ag-Cu nanocomposite thin films were synthesized by chemical oxidative polymerization of aniline monomer to be applied as E. coli contamination sensor. AgCu concentrations are varied to find the optimum concentration to detect microorganisms. XRD analysis indicates the formation of the single crystal Ag and Cu crystals laid on (111) lattice planes. The crystallite sizes decrease as the Ag concentration decreases and Cu concentration increases. FTIR spectra show the bonding of N-H in polyaniline structure. UV-Vis absorption spectra confirmed the formation of Ag and Cu nanoparticles in the PANI matrix and the resonance plasmon band located at around 470 to 475 nm. The performance of sensor has been conducted using impedance spectroscopy analysis in air, deionized water, and E. coli solution. The change in impedance when the sensor electrode incubated in E. coli proves the existence of reactions between metal and microbe. The result shows that PANI-Ag 0.25 -Cu 0.75 nanocomposite thin film performed the highest sensitivity among the other samples. It indicates that the reduction of Ag concentration and increment of Cu concentration developed the sensitivity of the sensor electrode on E. coli.
